The expression of filaggrin in differentiated keratinocytes and the association of filaggrin mutations with ichthyosis vulgaris and atopic dermatitis suggest that this prototypical member of the S100 fusedtype protein (SFTP) family plays a key role in the epidermal barrier to the environment. Here, we report that SFTP genes are present not only in amniotes but also in amphibians. Four SFTPs are expressed in the skin of the frog Xenopus laevis. The results of this study indicate that filaggrin has evolved from an ancestral SFTP that may have contributed to skin modifications during the evolutionary transition to terrestrial life.
| BACKGROUND
Filaggrin is a prototypical member of the "S100 fused-type protein" (SFTP) family. [1] [2] [3] SFTPs consist of an amino-terminal S100 domain and a long (up to more than 3000 amino acid residues) carboxyterminal domain that contains multiple sequence repeats. Mutations of the gene encoding filaggrin are associated with skin barrier defects in ichthyosis vulgaris and atopic dermatitis. [4, 5] The aggregation of keratin filaments, the control of denucleation of cornifying keratinocytes and the supply of amino acid components of the so-called natural moisturizing factor have been suggested as important functions of filaggrin and other SFTPs within keratinocyte-derived epithelia. [2, [6] [7] [8] [9] [10] 
| QUESTIONS ADDRESSED
Comparative genomics and molecular phylogenetics can help to determine the evolutionary origin of individual genes and gene families and to evaluate whether gene innovations were associated with changes in the morphology or function of organs such as the skin. [11] [12] [13] Our recent studies have suggested that SFTPs originated prior to the diversification of amniotes (mammals, reptiles and birds). [14] [15] [16] However, the evolutionary origin of SFTPs has remained uncertain because of incomplete genome data of the next relatives of amniotes, the amphibians. Here, we performed a comparative genomics study to infer the time of origin of SFTPs and to estimate when sequence elements of SFTPs, such as the carboxy-terminal motif implicated in binding keratin filaments, [14, 17] have evolved.
| EXPERIMENTAL DESIGN
We screened newly available genome sequence assemblies of the African clawed frog, Xenopus laevis, [18, 19] and other amphibians for SFTP genes (see Supplementary Information) . The expression of genes in tissues of X. laevis was determined by RT-PCR.
| RESULTS
Four genes encoding proteins with the characteristic domain organization of SFTPs were identified in X. laevis ( Figure 1A ; Table S1 ; Fig.   S1 ; Data S1). SFTP1.S and SFTP2.S are located on chromosome 8S, and SFTP1.L and SFTP2.L are located on chromosome 8L. These two chromosomes have emerged in the course of a duplication of the entire set of chromosomes (tetraploidization) in an ancestor of X. laevis. [19] Further database searches identified two SFTP genes in the diploid frogs X. tropicalis and Nanorana parkeri [20] and an mRNA encoding an SFTP in a salamander (Hynobius chinensis) [21] (Fig. S1 ).
The comparison of SFTP gene loci showed a similar arrangement of SFTP genes relative to neighbouring genes (synteny) in the human and frog genomes ( Figure 1A ), supporting inheritance from a common ancestral SFTP gene locus. Common ancestry of human and frog SFTPs was also indicated by molecular phylogenetics (Fig. S2 ). On both chromosomes 8S and 8L of X. laevis, the SFTP genes are flanked by S100A genes ( Figure 1A ). Genes located between the SFTP genes and S100A11 in X. laevis do not have homologs at syntenic positions in the genomes of amniotes ( Figure 1A ). Of note, peptidoglycan recognition protein genes and loricrin-like genes, which are present in the epidermal differentiation complex (EDC) regions of humans and other amniotes, [17] are absent in the vicinity of frog SFTP genes.
RT-PCR analysis demonstrated expression of all four frog SFTPs in the skin and in the toes but not in internal organs of X. laevis ( Figure 1B ). Despite expression of SFTPs, the skin of the frog does not contain granules equivalent to mammalian keratohyalin granules [22] ( Fig. S3 ).
The amino acid sequences of frog SFTPs were determined by translation of gene sequences in silico. Similar to the structure of human SFTPs, the amphibian SFTPs are composed of an S100 domain, containing calcium-binding EF hands (Fig. S4 ), followed by a repeatrich domain of 300-3000 amino acid residues ( Figure 1C; Fig. S1 ). The latter domain of frog SFTPs consists of amino acid sequence repeats ( (Table S2) , arguing against a primary role of SFTPs in sun protection or moisturization of the skin.
Frog SFTP2 proteins contain an amino acid sequence motif that is similar to a motif at the carboxy-terminus of many SFTPs of amniotes (Fig. S6) . The latter sequence motif (core sequence: SPLy(E/D)y) has been implicated in the interaction of SFTPs with keratin filaments. [14, 17, 23] The identification of sequence elements, such as the S100 domain and the carboxy-terminal motif, that are conserved in SFTPs of phylogenetically most diverse tetrapods indicates that these features were already present in evolutionarily ancient SFTPs and may help to define the functions of SFTP domains in future experimental studies.
| CONCLUSION
The results of this study suggest that filaggrin and other mammalian SFTP genes have evolved from an ancestral SFTP gene that was present in a common ancestor of mammals, reptiles, birds and extant amphibians. The presence of SFTP genes in amniotes and amphibians suggests that SFTPs originated before the divergence of these two lineages 350 million years ago [19, 24] ( Figure 1D ). The evolutionary association of SFTPs with terrestrial life supports an important role of SFTPs in the establishment of the skin barrier to a dry environment.
How did SFTP genes originate? The presence of an S100 domain strongly suggests that SFTPs have evolved from an ancestral S100A gene. [1] As the central domains of SFTPs contain sequence repeats and short sequence motifs similar to those present in proteins encoded by other EDC-encoded proteins such as loricrin, [15, 25] an origin of the primordial SFTP by "fusion" of different types of pre-existing EDC genes has been hypothesized. However, the absence of EDC genes other than S100As and SFTPs in frogs, which represent phylogenetically basal tetrapods, is more compatible with the alternative hypothesis that SFTPs have originated before other EDC genes. Instead of gene fusion, the extension of the coding sequence of an S100A gene by mutation of the ancestral stop codon is a possible mechanism of SFTP origin. To avoid the perhaps misleading word "fused" and to focus on the filaggrin-like domain organization of all SFTPs, we propose to reinterpret the widely used term "SFTP" as "S100 filaggrin-type protein."
ACKNOWLEDGEMENTS
We thank Michael F. Jantsch for providing biological samples. This work was supported by the Austrian Science Fund (FWF): P23801 and P28004.
CONFLICT OF INTEREST
The authors have declared no conflict of interests.
AUTHOR CONTRIBUTION
VM and TH performed the research; VM, TH, ET and LE designed the research study and analysed the data; and VM, ET and LE wrote the manuscript. The origin and the diversification of SFTP genes were mapped onto a phylogenetic tree of vertebrates. In the amphibian lineage, the primordial SFTP was first duplicated to yield SFTP1 and SFTP2 which were subsequently duplicated again during tetraploidization in X. laevis. In the amniote lineage, the first SFTP duplication (indicated by arrows with dotted lines) occurred either before or after the divergence of the branches leading to chicken and human. [14] FLG TCHH S100A1 S100A11 LOR 
